The essence of nuclear fusion is that energy can be released by the rearrangement of nucleons between the initial-and final-state nuclei. The recent discovery 1 of the first doubly charmed baryon Ξ ++ cc , which contains two charm quarks (c) and one up quark (u) and has a mass of about 3,621 megaelectronvolts (MeV) (the mass of the proton is 938 MeV) also revealed a large binding energy of about 130 MeV between the two charm quarks. Here we report that this strong binding enables a quark-rearrangement, exothermic reaction in which two heavy baryons (Λ c ) undergo fusion to produce the doubly charmed baryon Ξ ++ cc and a neutron n (Λ Λ Ξ → ++ n c c c c ), resulting in an energy release of 12 MeV. This reaction is a quarklevel analogue of the deuterium-tritium nuclear fusion reaction (DT → 4 He n). The much larger binding energy (approximately 280 MeV) between two bottom quarks (b) causes the analogous reaction with bottom quarks (Λ Λ Ξ → n b b bb 0 ) to have a much larger energy release of about 138 MeV. We suggest some experimental setups in which the highly exothermic nature of the fusion of two heavy-quark baryons might manifest itself. At present, however, the very short lifetimes of the heavy bottom and charm quarks preclude any practical applications of such reactions. The mass of the doubly charmed baryon Ξ ++ cc observed in the LHCb experiment 1 3621.40 ± 0.78 MeV is consistent with several predictions 2 , including that of 3,627 ± 12 MeV (an extensive list of other predictions can be found in refs 1 and 2). The essential insight of ref. 2 is the large binding energy B of the two heavy quarks (the charm c or bottom b quarks) in a baryon, B(cc) = 129 MeV and B(bb) = 281 MeV.
B B 0 , where B − is a spinless meson composed of bu, ⁎ B 0 is a spin-1 meson composed of bd , B 0 is a spinless meson composed of bd and γ is a photon. Another important consequence is the existence of a quark-level analogue of nuclear fusion. Consider the quark-rearrangement reaction where the quarks are indicated below each baryon. This is a fusion of two singly heavy baryons into a doubly heavy baryon and a nucleon.
The masses of all of the particles in reaction (1) are known and the energy release Δ E is 12 MeV, as shown in Table 1 .
The exothermic reaction (1) is the quark-level analogue of the well known exothermic nuclear fusion reactions between the lightest nuclei, which contain two or three nucleons 4 , with quarks playing the part of the nucleons, hadrons playing the part of the nuclei and the doubly heavy baryon playing the part of 4 He: where D denotes a deuteron, T represents a triton and p stands for proton. Reaction (1) involves two hadrons with three quarks each, rather than two nuclei with two or three nucleons each, as shown schematically in Fig. 1 , which also depicts the analogous reactions
The energy release Δ E of reaction (1) is of a similar order of magnitude to those of reactions (2) . Table 1 lists the Δ E values for four reactions Λ Q Λ Q′ → Ξ QQ′ N, where Q, Q′ ∈ {s, c, b}. The trend is clear: Δ E increases monotonically with increasing quark mass. The reaction
is endothermic with Δ E = − 23 MeV. Reaction (1) is exothermic with Δ E = + 12 MeV, whereas the reaction
is expected to be strongly exothermic with Δ E = + 138 ± 12 MeV. Finally, the reaction
is expected to have Δ E= + 50 ± 13 MeV, between the values for the cc and bb reactions (1) and (4) . The latter two estimates of Δ E (for reactions (4) and (5)) rely on predictions of the Ξ bb and Ξ bc masses 2 .
As already mentioned, the dominant effect that determines Δ E is the binding between two heavy quarks. Because these quarks interact through an effective two-body potential, their binding is determined by their reduced mass, In addition to reactions (1), (4) and (5), reactions involving fusion of two heavy mesons into a stable 3 doubly heavy tetraquark T bbud ( ) are also possible:
Reaction (6) is analogous to the fusion of a proton and a neutron into a deuteron, with Δ E = 2.2 MeV. Reaction (7) has a lower value of Δ E than reaction (6) , and it requires photon emission through electromagnetic interaction on top of quantum chromodynamics, in order to conserve angular momentum and parity, because T bbud ( ) has J P = 1 + (ref. 3) . Table 1 predicts a strong violation of the would-be heavy-quark analogue of the Gell-Mann-Okubo mass formula 5, 6 when the strange quark s is replaced by the heavy c or b quarks:
For a strange quark s, the left-hand side (l.h.s.) is equal to 1,128.6 MeV and the right-hand side (r.h.s.) to 1,135.1 MeV; that is, equation (8) This violation might be considered unsurprising, given that the Gell-Mann-Okubo mass formula was derived assuming a small breaking of the flavour SU(3) symmetry and that there is no corresponding flavour symmetry when the s quark is replaced by c or b. But there is more to it. At the quark level, equation (8) results from equal numbers of light and s quarks on both sides of the equation, as well as from the corresponding spin-dependent colour-hyperfine interaction terms. In this case, the mass formula in equation (8) should approximately hold also for c and b quarks. The reason that it fails is that the additional large binding energy between the two heavy quarks is not included in the derivation.
When considering only the strong interaction, all of the Λ Q and Ξ QQ′ baryons are stable particles. They do decay eventually, via weak interactions, but their lifetimes are at least ten orders of magnitude longer than the typical timescale of 10 −23 s of the fusion reactions (1), (4) and (5) , which proceed purely through strong interactions. Similar considerations apply to reaction (6) .
The implications of the strong binding of two heavy quarks in Ξ QQ′ go beyond the fusion-like reactions Λ Q Λ Q → Ξ QQ N, Q ∈ {b, c}. There might also be interesting ramifications for cc and bb analogues of hypernuclei (for a comprehensive review, see ref. 7) . As the atomic number of a hypernucleus grows, the process ΛN → NN overtakes mesonic decay, leading to shorter lifetimes in comparison with free-baryon estimates; the same is expected for heavy-quark analogues.
The production of the doubly strange hypernuclei, Ξ −C 16 and ΛΛ C 16 in double-charge exchange 16 We conjecture that, in principle, an analogous reaction with b instead of s quarks might be possible; that is
The difference between the binding energy of 16 (refs 11-14) . Thus, they will travel 1.8-22 mm before decaying. Therefore, constructing a beam of B − mesons presents a substantial experimental challenge.
In heavy-ion collisions 15, 16 , b quarks (and c quarks) can undergo secondary interactions with nuclear fragments. Indications of such processes could include modifications of the production of charmonium (cc), bottomonium (bb) and single-heavy-flavour states in nuclear environments, as well as contributions to the production of baryons Table 1 and plotted in Fig. 2 against the reduced masses of the doubly heavy diquarks, μ red (QQ′ ). Ξ QQ′ N, where Q, Q′ ∈ {s, c, b}, plotted against the reduced  masses of the doubly heavy diquarks, μ red (QQ′) . The dot-dashed line denotes the linear fit: Δ E = − 44.95 + 0.0726μ red . The error bars denote the uncertainty of the theoretical predictions. that contain two c quarks or two b quarks 3 under such conditions. An example of such a reaction with a c quark is
where, in analogy with equation (9), a nucleus N A with atomic mass number N has been transformed to the nucleus ′ Ξ ++ A N cc , with one of its neutrons replaced by a doubly charmed baryon Ξ ++ cc . Such a reaction could take place in a collision in which at least one of the two projectiles is a heavy ion. The initial D + would be produced as part of an open-charm process and would then undergo double charm exchange in the target nucleus. The momentum transfer would have to be small to avoid breaking up the nucleus. The initial D + would be produced along with a hadron containing an c quark, so the final state would include a baryon containing two c quarks and two mesons containing c quarks.
The charm or bottom analogue of strange hadronic matter remains to be studied 17, 18 . The strong binding of two b quarks could play a part in the formation and stability of hadronic matter with multiple b quarks.
